ABSTRACT: Understanding the C−C bond activation mechanism is essential for developing the selective production of hydrocarbons in the petroleum industry and for selective polymer decomposition. In this work, ring-opening reactions of cyclopropane derivatives under hydrogen catalyzed by metal nanoparticles (NPs) in the liquid phase were studied. 40-atom rhodium (Rh) NPs, encapsulated by dendrimer molecules and supported in mesoporous silica, catalyzed the ring opening of cyclopropylbenzene at room temperature under hydrogen in benzene, and the turnover frequency (TOF) was higher than other metals or the Rh homogeneous catalyst counterparts. Comparison of reactants with various substitution groups showed that electron donation on the three-membered ring boosted the TOF of ring opening. The linear products formed with 100% selectivity for ring opening of all reactants catalyzed by the Rh NP. Surface Rh(0) acted as the active site in the NP. The capping agent played an important role in the ring-opening reaction kinetics. Larger particle size tended to show higher TOF and smaller reaction activation energy for Rh NPs encapsulated in either dendrimer or poly(vinylpyrrolidone). The generation/size of dendrimer and surface group also affected the reaction rate and activation energy.
INTRODUCTION
Carbon−carbon (C−C) bond activation in the gas phase plays an important role in the chemical industry. Cracking and reforming reactions in crude oil refineries practice C−C bond activation on a large scale daily. 1 Polyethylene and polypropylene are currently the mostly widely used plastics, but their decomposition requires thermal C−C bond activation. 2 Due to thermodynamic and kinetic considerations, selective C− C bond activation is challenging. 3−6 Currently, these reactions are operated at high temperatures in industry (above 600 K). Undifferentiated thermal activation of C−C bond leads to multiple product formation simultaneously, requiring further product separation.
To overcome the low reactivity of C−C bonds, a practical strategy is to exploit the ring strain of (three-or fourmembered) cyclic compounds as a driving force, thereby allowing the study of the factors controlling catalyst activity and selectivity. Early work 7, 8 showed that catalytic cyclopropane hydrogenation (ring opening) by metal single crystal or powder catalysts in the gas phase was often accompanied by hydrogenolysis, forming smaller molecules. It was posited that the reaction mechanism was metal-dependent, proceeding through different intermediates including a monoadsorbed radical, 9 1,3-diadsorbed species on Ni catalysts, 10 or metallocycle intermediate on Pt. 11 In order to improve the product selectivity, efforts have been made to study C−C bond activation reactions using metal complexes of Rh, 12−16 Pt, 17 Pd, 18 Cu, 19 and other metals 20, 21 in solution under relatively mild conditions. For example, Bart and Chirik 14 recently reported examples of ring opening of cyclopropane derivatives catalyzed by organometallic Rh catalysts in the liquid phase and proposed the rhodium− metallocycle as the intermediate. In this work, the advantages of both types of catalysis on the ring-opening reaction are combined: the high activity of heterogeneous catalysts and the high selectivity of homogeneous catalysts. We investigated the effect of different variables on the metal nanoparticles (NPs) catalyzed C−C bond activation in the liquid phase. Rh NPs catalyzed the ring opening of cyclopropylbenzene (1) at room temperature under an atmospheric pressure of H 2 . The turnover frequency (TOF) of the reaction was correlated with reactant and metal NP properties, and the factors governing the catalytic activity and selectivity were analyzed.
RESULTS AND DISCUSSION
2.1. Catalyst Screening. The catalytic ring opening of 1 in the presence of H 2 was used as a model reaction to study the C−C bond activation reaction under mild conditions. The TOF of several potential catalysts for ring-opening reactions under atmospheric pressure of hydrogen in C 6 D 6 was explored at 20 and 80°C (Table 1) . TOF of metal NPs was calculated by the number of molecules reacted in unit time (1 h) divided by the number of undercoordinated metal atoms, which was estimated from simple hard-sphere counting models. 22 , catalyzed the rearrangement of 1 to form only (E)-prop-1-en-1-ylbenzene at 80°C without formation of propylbenzene, but they were inactive at room temperature. Rh 40 /G4OH/SBA-15 also catalyzed the reaction in other solvents (toluene, dichloromethane, and methanol) with similar TOF to that in benzene.
2.2. Characterization of Rh 40 /G4OH/SBA-15. TEM images of Rh 40 /G4OH/SBA-15 before and after three cycles of reactions with 1 are shown in Figure 1A ,B, respectively. The size of Rh NPs was 1.6 ± 0.2 nm by averaging over 100 particles. The NPs were stable after three cycles of reactions. No leaching was observed, as confirmed by the inductively coupled plasma optical emission spectrometry of the filtrate of the reaction mixture. Hydrogenolysis was not observable during the reaction, which was confirmed by the absence of small gas molecules in the headspace (the gas above the product solution) GC analysis. The mass balance (total amount of product and unreacted reactant after the reaction matched the amount of reactant before the reaction) provides additional support for the lack of hydrogenolysis. The rate of ring opening of 1 in the second and third cycle of the recycled catalyst was 97% and 96% of that in the first cycle, respectively. The assynthesized Rh 40 /G4OH/SBA-15 sample contained surface rhodium oxide species, according to the XPS spectrum ( Figure  1C ). The oxidation state of Rh after the reaction was purely 0, as shown by the 307.3 eV binding energy 24 in the XPS spectrum ( Figure 1D ). To explore the effects of these rhodium oxides on the kinetics of the ring-opening reaction, a set of control experiments with different pretreatment conditions were performed. Keeping all other variables the same, one catalyst was mixed with H 2 at 100°C for 24 h, one was mixed with Ar at 100°C for 24 h, and the other without pretreatment. When these three catalysts were used in the reaction at 20°C, they exhibited the same reaction rate/TOF on the ring opening of 1. This implies that the reduction of the surface rhodium oxides to metallic rhodium was a fast process under reaction conditions.
2.3. Applications on Other Cyclic Compounds. Reactants that underwent the ring-opening reaction catalyzed by Rh 40 /G4OH/SBA-15 are listed in Scheme 1 along with the TOF values under the specified conditions. Under the same reaction condition, the more electron-rich 1a reacted faster than 1, but reaction of electron-deficient 1b was notably slower. It should be noted that a small amount of 1b was reduced to 1a during the reaction process, and the TOF reported for 1b does not discount this pathway. Thus, the real TOF of 1b ringopening reaction is even smaller. The observation that ring opening was accelerated by electron-donating and decelerated by electron-withdrawing groups on the phenyl ring of the reactant is consistent with a hypothesis that a cationic intermediate is involved in the rate-limiting step of the reaction. This hypothesis held for molecules without phenyl rings. Rings attached to electron-donating groups opened quickly at a low temperature, while those attached to electron-withdrawing groups required higher temperatures to exhibit an observable reaction rate of C−C bond scission.
The TOF values in Scheme 1 were measured at various temperatures, which was a compromise of the low reaction rate at a low temperature and reactant/solvent boiling at a high temperature. Reactants 6 and 7, rings attached to a hydroxyl group, underwent the ring-opening reaction with the hydroxyl group transformed to a carbonyl group. The formation of a CO bond, which was not further hydrogenated under the reaction condition, provided an additional driving force for the ring-opening reaction. Thus, the TOF of 6 was high, and the typically inert four-membered ring in 7 was activated. In another example of four-membered ring C−C bond activation, biphenylene (8) was transformed to biphenyl at room temperature, a reaction for which homogeneous catalysts typically required elevated temperatures.
17
The products from reactants 1−5 in Scheme 1 were entirely the linear/proximal ones. In contrast, Bart and Chirik 14 reported that the branch/distal products were favored by homogeneous Rh catalysts, unless a reactant with the ability to chelate with the Rh catalyst was used. The unique selectivity toward linear products by NPs in this work is likely attributed to a different reaction mechanism between the reported homogeneous catalysts and NP catalysts employed in this work.
2.4. Kinetics Study of the Ring Opening Reaction of 1. The size of dendrimer encapsulated NPs was tuned by modifying the Rh:G4OH ratio during the NP synthesis. Rh 15 G4OH, Rh 40 G4OH, and Rh 50 G4OH were synthesized to explore the size effects of Rh NPs on the catalytic performance. However, synthesis of even larger sizes of G4OH-encapsulated NPs was limited to 4.5 nm in diameter by the size of G4OH. Figure 2A displays the temperature dependence of the ring opening TOF of 1 catalyzed by Rh NPs between 293 and 333 K in C 6 D 6 under 1 atm of H 2 . TOF increased as temperature increased for the same catalyst as expected. Further control experiments (data not reflected in the figure) with faster stirring rates gave the same TOF, suggesting that the reactions were not limited by diffusion under these reaction conditions. The apparent activation energy of ring opening catalyzed by each catalyst was determined from the slopes of the linear fit plots and plotted in Figure 2C . Keeping everything else constant, increasing the size of Rh NPs from 0.8 to 2.1 nm increased the TOF from 2.4 to 13.4 h −1 (at 333 K) and decreased the reaction activation energy from 29.8 to 17.7 kJ/mol. The trend that larger particle size offered higher TOF has been previously observed in the catalytic hydrogenation of allyl alcohol 27 and alkynol 28 and dehydrogenation of ammonia borane. 29 The same size dependence of TOF and activation energy held for the hydrogenation of styrene, an example of C−C π-bond hydrogenation ( Figure S1 ).
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On the basis of these observations, we hypothesized that the increased abundance of Rh−Rh bond on the surface of larger Rh NPs led to their higher catalytic activity. We tested the hypothesis with Rh NPs of various sizes encapsulated in polyvinylpyrrolidone (PVP). The Arrhenius plots of ring opening of 1 catalyzed by Rh/PVP NPs were shown in Figure  2B . The size effects of PVP capped NPs were the same as G4OH capped NPs. Here, the large Rh/PVP NPs (6.0 and 9.1 nm) had only a small percentage of undercoordinated surface atoms. With comparable amount of Rh loading, reactions catalyzed by large NPs had lower yield, due to scarcity of surface Rh atom, leading to a relatively large measurement error of TOF by NMR.
As shown in Figure 2C , comparing 2 nm Rh NPs capped by G4OH and PVP, the former had greater TOF. There were several possible reasons for this observation: (1) steric effect, the capping agent might block a portion of undercoordinated Rh atoms due to steric hindrance; (2) electronic effect, the interaction of the capping agent might tune the electronic structure of the Rh atoms, and thus affected the energetics of the reaction process. 30 In order to elucidate the effects of the capping agent, Rh NPs encapsulated in different dendrimers were synthesized. Thirdgeneration G3OH and sixth-generation G6OH were used in order to vary the size of the dendrimer without changing its chemical properties. The impact of the chemical properties of the dendrimer support was studied by replacing the terminal hydroxyl group in G4OH with primary amine and succinamic acid (SA) groups by using G4NH 2 and G4SA, respectively. Rh NPs were synthesized with these dendrimers, keeping the same amount of Rh and the Rh:dendrimer ratio as 40:1. TEM images of these Rh NPs indicated that the sizes were constant within error. Arrhenius plots of ring opening of 1 catalyzed by these NPs are given in Figure 3A , and the corresponding activation energy in Figure 3B . Modifying the dendrimer generation from G3OH to G6OH, the rate of ring opening tended to decrease and the corresponding activation energy generally increased, likely due to the steric effect. G4NH 2 and G4OH had similar size but distinct Lewis and Brønsted basicity, so the lower activity of Rh 40 /G4NH 2 might result from an electronic effect. Both G4OH and G4SA have 64 surface groups, but −SA is much bulkier than −OH as shown in Figure 3B . Rh 40 /G4SA showed smaller TOF than Rh 40 /G4OH, mainly caused by the steric effects.
EXPERIMENTAL SECTION
3.1. Chemicals. Information about chemicals, including synthesis of supported NPs, organic reactants, and characterization methods, can be found in the Supporting Information.
3.2. Representative Procedure for Catalytic Reactions. To a dry 10 mL Schlenk flask, equipped with a stir bar, was added cyclopropylbenzene (8.9 mg, 0.075 mmol), Rh 40 /G4OH/SBA-15 (50 mg, 0.003 mmol, 4 mol %), mesitylene (2.3 μL, internal standard, Aldrich), and benzene-d 6 (1 mL). The reaction mixture was degassed, placed under 1 atm of H 2 , and heated with stirring at the desired temperature for 2 h. The mixture was then cooled to room temperature, and the solid catalyst filtered using a polytetrafluoroethylene syringe filter. The filtrate was transferred to a NMR tube for analysis. The conversions were controlled to be low (typically between 5 and 20%) to allow assessment of the initial rates.
CONCLUSIONS
The ring-opening reactions of cyclopropane derivatives catalyzed by metal NPs under hydrogen were investigated. Rh 40 /G4OH/SBA-15 showed a TOF of 2.24 h −1 , which was higher than the homogeneous counterparts, toward the ring opening of cyclopropylbenzene at room temperature. This catalyst was stable and could be recycled at least three times. The reaction was accelerated by electron-donating groups on the three-membered ring, while electron-accepting groups decreased the TOF. In contrast to ring-opening reactions catalyzed by homogeneous rhodium catalysts, the products of the NP catalyzed reactions were 100% linear. The apparent activation energy of the reaction was affected by the catalyst properties. For Rh NPs encapsulated in G4OH and PVP, larger particle size tends to show higher TOF and smaller reaction activation energy. For dendrimer encapsulated Rh NPs, both the dendrimer surface group and the dendrimer generation played a role in the reaction rate and activation energy of ring opening. The study sheds light on the fundamental factors controlling C−C bond activation activity and selectivity.
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